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of Patterson (1964) , who excluded the simpler fi xed rotation experiments that study the eff ects of treatments on the crops of a single rotation. (Th ese can involve some of the problems discussed in below but are inherently much easier to handle.)
To illustrate the concepts, Table 1 shows one block of an experiment by Glynne and Slope (1959) , which was designed to assess the eff ects of previous cropping by bean (Vicia faba L.) or potato (Solanum tuberosum L.) on the incidence of eyespot (Oculimacula yallundae and Oculimacula acuformis) in winter wheat (Triticum aestivum L.). Th e crops in Years 1 and 2 are treatment crops that set the scene for Year 3, when test crops are grown to enable the diff erences between the sequences to be assessed. Th e two winter wheat crops in Year 2 also act as partial test crops in that they allow the eff ects from the wheat and potato crops in Year 1 to be assessed. No analysis was made of the bean or potato yields.
Th is particular experiment is a short-term (or fi xed-cycle) rotation experiment in which the sequences run through one simultaneous cycle to compare the sequences in the fi nal year. Th ese can be designed and analyzed in much the same way as ordinary single-year fi eld experiments. More interesting design and analysis problems are posed by long-term rotation experiments that are intended to run through several cycles and involve analyses of data from more than 1 yr.
DESIGN ISSUES
In the simplest long-term experiments, the rotations are all of the same length and have the test crops at the same points in the cycle. Th e situation becomes much more complicated when rotations of diff erent lengths are included or the test years do not coincide. Some of the issues are illustrated by the Woburn Rotation experiments can play an important role in the study of alternative cropping systems, providing useful insights into the eff ects of the proposed new strategies in more realistic situations than a single year's trial. For example, it may take several years for the benefi ts or disadvantages of a new strategy of pest control to become apparent. Likewise, the yields of a particular crop cultivar may depend strongly on the previous cropping history of the fi eld. Th ey are also invaluable for study of the long-term eff ects of the systems on aspects, such as soil organic matter, that underpin agricultural sustainability.
Th e key aim of a rotation experiment is to compare diff erent sequences of crop (and possibly husbandry) combinations. Th e separate crops in the sequence are usually called courses. In most situations these will occur at annual intervals, but the same principles apply with the shorter intervals that may be used, for example, in glass houses. Oft en not all of the crops are of practical interest. For example, a sequence may include a fallow year, where there is nothing to be measured or assessed, or it may include crops that form part of the treatment for a subsequent crop but are not themselves of any commercial interest. So rotation experiment here refers to experiments that aim to compare diff erent rotations, following the example Ley-Arable Experiment (Johnston, 1973; see Table 2 ). Initially, when this began in 1938, it was designed to compare the effects of four cropping systems, each lasting 3 yr, on soil fertility and the yields of two arable (test) crops in Years 4 and 5. The four rotation treatments were: a grass-clover ley, with 44% meadow fescue (Festuca pratensis Huds.), 44% timothy grass (Phleum pratense L.), and 12% white clover (Trifolium repens L.), given a little N fertilizer and grazed by sheep (R1); lucerne (Medicago sativa L.) cut for conservation (R2); potato, wheat, grass hay (50% meadow fescue and 50% timothy grass (R3); and potato, wheat, kale (Brassica oleracea L.) (R4).
The two test crops were potato followed by spring barley (Hordeum vulgare L.). It is usual to phase the start of these experiments, with new replicates of the rotations starting in successive years so that once a complete cycle has taken place, comparisons can be made between the rotations in every subsequent year. The advantages of this scheme were pointed out by Yates (1949) , who noted that year-to-year variations mean that " [t] o obtain a proper measure of the effect of any treatment, therefore, it is necessary to repeat even 1-yr experiments in a number of years... The same holds for rotation experiments.... The first rule in the design of rotation experiments, therefore, is that such experiments should include all phases of the rotation." Within each year, comparisons will be made only between the plots with rotations that started at the same time. One straightforward and effective strategy is therefore to use a randomized-block design, with the rotations in each block all beginning at the same time. Year differences are then confounded with blocks, so no information is lost on the treatments. If sufficient resources are available to have more than one replicate block in each year, it will be possible to do an interim analysis with the data from a single year. Otherwise meaningful analyses will need several years' data and the assumption, for example, that some year ´ treatment interactions can be ignored (these degrees of freedom can then provide the residual). This is illustrated below in the analysis of the Woburn experiment, where no replicate blocks were included (i.e., there were five blocks corresponding to the 5 yr of the rotation cycles).
If there are many different rotations, the number of plots per block may become too large for the blocking to represent the fertility patterns in the field effectively. The rotations may then need to be partitioned into sets to be placed in separate blocks. To enable this to be done effectively, Patterson (1964) introduced the concept of comparable rotations: two rotations are defined to be comparable if they have at least 1 yr when they both grow the same test crop. Ideally, therefore, only rotations that are not comparable should be placed in different blocks, or if that is not feasible, it should be those that are least comparable that are allocated to different blocks. Comparability is the key issue to consider if the rotations are of different lengths or if the test years do not coincide. It may then be necessary to start the plots within a block in different years. The designer should construct a table showing the crop scheduled to be grown on each plot in each year and should check that there are years when sufficient plots are growing the same test crop in each block for meaningful analyses to be done.
Additional, auxiliary treatment factors can be incorporated in a similar way as in designs for ordinary single-year experiments. Initially, in the Woburn experiment, each plot was split into two subplots to study the effect of applying farmyard manure at 38 Mg ha -1 ) between Years 3 and 4 of each cycle, i.e., just before the first test crop. The design, therefore, was a split-plot design with blocks in different years, rotations as the whole-plot factor, and farmyard manure as the subplot factor.
The Woburn experiment had a further complication: to study the effect of changing the treatment crops, each block contained a further four plots on which the sets of three treatment crops were changed in a sequence that alternated between the arable treatments (R3 and R4) and the ley treatments (R1 and R2). As a result, the complete system required 20 yr to complete one cycle (Johnston, 1973 ). An unrandomized plan showing a full cycle is shown in Table 2 , which is based on Cochran (1939, Table XII) . This emphasizes that is vital to get the design right or else considerable time and effort will be wasted. Analysis techniques may, of course, improve during the course of a 20-yr experiment, but the designer should simulate a specimen data set and check that the current best analysis strategy can deliver the required results.
Nonstatistical aspects must also be considered. For example, it is important to ensure that the plots are sufficiently large to avoid treatment effects spreading to adjacent plots, and cultivation techniques should aim to avoid the movement of soil across plot boundaries. Also, if the experiment is to continue through several series of rotations, it may be beneficial to be able to split the plots later in order to apply additional treatment factors. For a more detailed discussion of all these issues, see Dyke (1974, Ch. 7) .
ANALYSIS
The analysis of a long-term rotation experiment may use similar methods to those involved in ordinary field experiments, but there are some special issues to consider:
1. The results will be recorded from several different years, and these may show different amounts of random variation. 2. The same plot may be observed in several years, and, unless these are well separated, the results may show a nonuniform correlation structure, where correlations decline with increasing distance in time. 3. The effect of a crop may depend on where it is within the rotation cycle. 4. There may be no replication, other than over years. 5. Treatment effects may build up (or decline) during the period of the experiment. 6. Basal treatments (fertilizers, cultivation practice, pesticides, etc.) or even the precise makeup of the rotations themselves may have changed during the experiment to keep it relevant with current farming practices. The first issue occurs in many meta analyses, whether combining data from several years or from several sites. The traditional way to handle this, in ordinary analysis of variance, would be to analyze the years separately, test for homogeneity of variance, e.g., by using the test of Bartlett (1937) , and then, if necessary, weight the data from each year by the reciprocal of that year's residual variance. If, as in many rotation experiments, there is no within-year replication, this will not be possible. Fortunately, though, the more recent residual or restricted maximum likelihood (REML) method for the analysis of linear mixed models allows different residual variances for the years to be estimated during the combined analysis (see Patterson and Thompson, 1971; Gilmour et al., 1995) . If there are additional random terms, for example whole plots in a split-plot design, their variance components may also differ from year to year. This too can be handled in a REML analysis (for an example, see Payne et al., 2012, Ch. 2).
The second issue might traditionally be handled by repeatedmeasures analysis of variance, which mitigates the effects of the nonuniform correlations by adjusting the numbers of degrees of freedom of the affected sums of squares (e.g., see Winer, 1962, p. 523, 594-599; Payne, 2012, Section 8.2.1) . This is feasible if the design is balanced, i.e., if the same plots have been measured in each of the years for which data are available, as shown, e.g., by Christie et al. (2001) , Liebman et al. (2008) , and Barton et al. (2009) . In long-term rotation experiments, however, different plots will usually have been measured in different sets of years, and the use of repeatedmeasures ANOVA becomes a difficult (if not impossible) task. Fortunately, here too, the new REML methodology provides a solution, with the ability to fit models to the correlations (e.g., see Gilmour et al., 1997) ; Galwey, 2006, Section 9.7; Littell et al., 2006, Ch. 5; Payne, 2006; Payne et al., 2012, Ch. 4) . 
, L 2 and L 3 : first, second, and third year's ley, respectively; Lu 1 , Lu 2 and Lu 3 : first, second, and third year's lucerne, respectively; P, potato; W, winter wheat.
For examples, see Singh et al. (1997) , Singh and Jones (2002) , Richter and Kroschewski (2006) , and Machado et al. (2008) .
The third issue is relevant if the same test crop is grown several times in a particular rotation. It can be resolved by doing a separate analysis for each instance of the test crop in the rotation cycle, as would be necessary if they were actually different crops. (The only sensible way to perform an analysis combining data from several different test crops would be to assign some measure such as economic value to each one, but these could be rather arbitrary and unlikely to remain constant through the whole experiment.) An alternative would be to include a factor for occurrence-within-cycle within a combined analysis.
Issues 4 and 5 can be more difficult to resolve. If there are many auxiliary treatment factors, it may be acceptable to use some of the higher order interactions among these and the rotation factor as the residual, i.e., to use the traditional approach, e.g., of treating second-order (and higher) interactions as the residual and then feeling justified if the analysis detects no significant first-order interactions. (This reasoning tends to be rather circular but can often be justified by experience from previous similar experiments.) A more easily justifiable variant of this approach was suggested by Patterson (1959) for an experiment that studied fertilizer response as one of the treatments. The fertilizer was applied at five different levels. On the assumption that the relationship between yield and fertilizer can be represented adequately by a second-order polynomial, the interactions between rotations and the cubic and quartic polynomials could therefore be used for the residual. (Under these circumstances, of course, it is arguable that it might have been safer to have had genuine replication and fewer levels of fertilizer, but this is the same issue that arises in any study of fertilizer response.) An alternative approach would be to model the year ´ treatment interaction. Again, all the standard methods are available. For example, echoing Patterson's ideas for the fertilizer-response curves, one might fit interactions between the treatments and polynomial effects of year. The linear year effects and their interactions would assess whether the effects are increasing or declining in any uniform way with time (Issue 5), but again the success of this strategy is dependent on the assumption of a low-order polynomial response. If this is not feasible, an alternative would be to fit spline functions over years. For example, Verbyla et al. (1999) described how to fit random smoothing splines in REML. Polynomial models, though, may be easier to explain.
Changes in basal treatments (Issue 6) may be handled by including additional factors in the analysis to indicate the underlying basal conditions applying on each year-plot observation. Ideally, they should not have affected differences between rotations or any of the other treatments; provided the changes have not been too frequent, it should be possible to check this by fitting the relevant interactions. It may be more difficult, however, to accommodate changes in the makeup of the rotations themselves within a single analysis. For example, the test crops may not have remained the same or the whole purpose of the experiment may have changed. In that case, the analysis will need to start afresh once a complete cycle of the new rotations has taken place.
A substantial change like this took place on the Woburn Ley-Arable Experiment in the 1970s, which led to the redefined rotations Lc3, Lc8, Ln3, Ln8, AB, and AF. The first change, in 1973, was to introduce leys lasting 8 yr to compare with the 3-yr leys. These were included because in the Woburn Organic Manuring experiment, on a very similar soil, 6-yr leys had given small measurable increases in soil organic matter (Mattingly et al., 1973) . The 8-yr leys were assigned to the plots with the alternating rotations, which had provided very little information in the analysis of the data so far recorded. On these plots, therefore the alternating cycles of the previous rotations were replaced by 8 yr of ley treatments. The test crops would thus coincide with the corresponding 3-yr-ley plots on every second cycle. However, there had been a sufficient number of plots in the alternating rotations to allow for duplication of the 8-yr-ley treatment; the introduction of half of these was phased, thus allowing comparison with the 3-yr ley treatments (and with the plots in continuous arable treatments) in every cycle. The ley treatments themselves were also changed in order to compare an all-grass ley given fertilizer N (rotations Ln3 and Ln8, on plots that had been in the grazed ley, R1) and a grass-clover ley without fertilizer N (rotations Lc3 and Lc8, on plots that had been in lucerne-clover, R2). Then, in 1978, the 3-yr arable rotations were changed to become either spring barley-spring barley-bean (rotation AB following rotation R3) or bare fallow-bare fallow-bean (rotation AF following rotation R4). This change was intended to see whether there was less risk of take-all (Gaeumannomyces graminis) in wheat and barley following the latter rotation than the former. The first test crop, winter wheat, was grown in 1981, and further data are available for this crop for 1982 to 2000. The second test crop was spring barley during 1982 to 1991 and then winter rye during 1992 to 2001. An N fertilizer treatment was also introduced on the second test crop in 1973 and on the first test crop in 1976 by further dividing the plots for four different N levels: 0, 70, 140, and 210 kg ha -1 . (By then the farmyard manure treatment had been discontinued, and no residual effects of this treatment were being detected.) For expository purposes, however, to simplify the discussion and conclusions, the subplot structure is ignored in the analyses below. Table 3 shows the yields of the first test crop, winter wheat, from 1981 to 2000, which will be used to illustrate the analysis. Here a different, Roman, numbering is used for the blocks to distinguish them from those in the unrandomized plan shown in Table 2 . The random model simply contains years (confounded with blocks), while the fixed model contains rotations, N rate, polynomial effects of years, and their interactions. Initially, fourth-order polynomials are fitted, while we investigate whether there is evidence of unequal variation in the different years. So the higher order polynomials are assumed to be absent, and their degrees of freedom used to estimate the variances between and within years. Thus the variances are essentially being estimated by the deviations from the fitted fourth-order polynomials. The analysis-and conclusions-thus depend on the appropriateness of this assumption. However, some justification for the approach is given by the fact that the analyses find no evidence for the inclusion of either the cubic or the quartic terms in the model, i.e., a (relatively simple) quadratic relationship seems to hold. Table 4 . GenStat analysis of the data in Tables 4 through 8 show the output from a sequence of analyses by GenStat, release 15 (VSN International, GenStat. co.uk). Observations on the same subplots occurred only every 5 yr, and so it seems reasonable to assume a uniform (or constant) correlation structure for the repeated observations from each subplot. The first analysis (Table 4 ) compares the models with constant and nonconstant within-year variances. In linear mixed models, it is customary to assess the random model by examining its deviance, which is defined as -2 times the log-likelihood for the model. In this case, the second random model, with a different variance in each year, is a generalization of the first one, and so the difference between their deviances can be treated as a chi-square statistic. If neither random model is a generalization of the other, Akaike or Bayesian information criteria are generally used to assess which one to select; for a practical example, see Kehel et al. (2010) . The difference in the deviances, 73.86 on 19 degrees of freedom, shows that there is strong evidence that the variances within years are not constant.
Once the appropriate random model has been decided, the treatment model can be assessed to see whether there are any unnecessary fixed terms. The standard way to do this is to examine their Wald statistics. These would have exact chisquare distributions if the variance parameters were known, but, because those must be estimated, the statistics are only asymptotically distributed as chi-square. In practical terms, the chi-square values will be reliable if the residual degrees of freedom for the fixed term is large compared with its own degrees of freedom. Alternatively, statistical software systems such as ASReml, GenStat, and SAS use the method of Kenward and Roger (1997) to obtain an estimate of the number of residual degrees of freedom relevant to each term, so that an F statistic can be used instead. The F statistic is Table 8 . Predicted mean yield of winter wheat under four N application rates from the GenStat analysis of the data in Table 3 . equal to the Wald statistic divided by the number of degrees of freedom of the term (i.e., the number of degrees of freedom for the numerator of the F test). It is usable, however, only if the number of residual degrees of freedom of the term (i.e., the degrees of freedom for the denominator of the F test) is also known. Simulations performed by Kenward and Roger (1997) showed that the F statistics are not subject to the biases of the chi-square statistics and can thus be used with confidence. The second analysis, in Table 5 , shows the F (and Wald) tests for the fixed effects with the unequal variance model. There is no evidence that there are either cubic or quartic effects of year, so the third analysis (Table 6 ) fits a simpler model, containing only linear and quadratic effects of year. It is clear now that neither of the three-way interactions is needed, and so the fourth (and final) analysis can be produced with those interactions omitted. The variance components for the years range from 0.128 to 2.390, reinforcing the earlier conclusion that it would not be appropriate to assume a constant variance.
The final model (Table 7) shows a complicated picture, with linear and quadratic trends over years that depend on both rotation and N treatments. It is not very easy to pick up the pattern of responses from the predicted means (Table 8) , so they are also plotted in Fig. 1 .
The curves for the ley rotations are higher than those for the arable rotations, showing that they have been more effective in maintaining yields; however, some N fertilizer is also necessary because the curves for 0 N are well below those of the other N levels.
DISCUSSION
The design and analysis of long-term rotation experiments present many interesting statistical challenges, which can be rather daunting if we consider the amount of time and effort that is at stake. A clear awareness of the special issues discussed above should avoid pitfalls, however, and lead to clear and useful conclusions. On design, it is important to allow comparisons to be made between the rotations in several years. The key issues are to decide how to allocate the rotation treatment and how to allow for several occurrences of the rotations, starting in successive years. We have shown above that one effective method is to start occurrences of the rotations in successive years, each in a separate block so that we have a randomized-block design, with year-of-startingpoint as the block factor and rotation as the plots factor. Other, auxiliary treatments can be applied, as in conventional single-year experiments, for example, by splitting the plots into subplots to give a split-plot design with the auxiliary treatment factor(s) as the split-plot factor(s).
This may lead to a rather large experiment, with insufficient resources to provide within-year treatment replication, so strategies are needed in the analysis to provide degrees of freedom for the residual. Again, these can be drawn from the armory of conventional analysis techniques, for example, by allocating higher order interactions to the residual or by modeling responses by low-order polynomials or splines. Other aspects to consider include the fact that variability is unlikely to be constant across years, and there may be nonuniform correlation structures if there is an insufficient distance in time between the observations on each plot. These problems mean that conventional analysis of variance is unlikely to be suitable; however, appropriate analyses can be performed using the more recent REML methodology (Patterson and Thompson, 1971; Gilmour et al., 1995 Gilmour et al., , 1997 Littell et al., 2006; Payne et al., 2012) . The GenStat commands that performed the analyses above are listed in Appendix 1. Equivalent R commands, using ASReml-R, are in Appendix 2. A SAS program for the final analysis is in Appendix 3. There are some differences in the tests for fixed effects, which are believed to arise from the use of average Fisher information by ASReml and GenStat in the Kenward and Roger (1997) calculations (see Gilmour et al., 1995) ; however, the analyses lead to the same conclusions. Note though, that the more complicated analysis, taking account of the subplot structure of the experiment, requires a rather more complicated response model over years.
More details about GenStat and ASReml-R can be found at www.vsni.co.uk. Table 3 <-asreml.read.table("Table 3 .txt",header = T) summary (Table 3) # get factor versions of year and n Table 3$Year <-as.factor (Table 3$year)  Table 3 $N <-as.factor(Table 3$n) head (Table 3) # 1: full fixed model with constant variance model1 <-asreml(fixed=yield ~ Rotation*N*pol(year,4), random=~Year, data=Table 3) summary(model1) wald(model1,denDF="algebraic") # calculate AIC for this model (on deviance scale -smaller = better) aic1 <--2*(model1$loglik -length(model1$gammas)) aic1 # 2: full fixed model with separate variances across years model2 <-asreml(fixed=yield ~ Rotation*N*pol(year,4), random=~Year, rcov=~at(Year):id(units), data=Table 3) summary(model2) wald(model2) # calculate AIC aic2 <--2*(model2$loglik -length(model2$gammas)) aic2 # compare AIC across models 1 and 2: model 2 better (smaller AIC) aic1 -aic2 # construct individual vectors to separate out polynomial orders matpol <-poly (Table 3 $year,degree=4) # 3: model 2 with polynomial components separated model3 <-asreml(fixed=yield ~ Rotation*N*(linyear+quadyear+cubyear+quaryear), random=~Year, rcov=~at(Year):id(units), data=Table 3) summary(model3) wald(model3,denDF="default") # 4: drop cubic and quartic polynomial components model4 <-asreml(fixed=yield ~ Rotation*N*(linyear+quadyear), random=~Year, rcov=~at(Year):id(units), data=Table 3) summary(model4) wald(model4,denDF="default") # 5: drop 3-way interaction and return to pol function (easier prediction) model5 <-asreml(fixed=yield ~ Rotation*N*pol(year,2) -(Rotation:N:pol(year,2)), random=~Year, rcov=~at(Year):id(units), data=Table 3) summary(model5) wald(model5,denDF="default") # get predictions from final model model5.pv <-predict(model5,classify=c("Rotation:N:year"),levels=list(Rotation=1:6,N=1:4 ,year=1981:2000)) model5.pv$predictions # extract results model5.pred <-model5.pv$predictions$pvals$predicted.value
